The transporter associated with Ag processing (TAP) translocates proteasomally derived cytosolic peptides into the endoplasmic reticulum. TAP is a central component of the peptide-loading complex (PLC), to which tapasin (TPN) recruits MHC class I (MHC I) and accessory chaperones. The PLC functions to facilitate and optimize MHC I-mediated Ag presentation. The heterodimeric peptide transporter consists of two homologous subunits, TAP1 and TAP2, each of which contains an N-terminal domain (N-domain) in addition to a conserved transmembrane (TM) core segment. Each N-domain binds to the TM region of a single TPN molecule, which recruits one MHC I molecule to TAP1 and/or TAP2. Although both N-domains act as TPN-docking sites, various studies suggest a functional asymmetry within the PLC resulting in greater significance of the TAP2/TPN interaction for MHC loading. In this study, we demonstrate that the leucine-rich hydrophobic sequence stretches (with the central leucine residues L20 and L66) in the first and second TM helix of TAP2 form a functional unit acting as a docking site for optimal TPN/MHC I recruitment, whereas three distinct highly conserved arginine and/or aspartate residues inside or flanking these TM helices are dispensable. Moreover, we show that the physical interaction between TAP2 and TPN is disrupted by benzene, a compound known to interfere with hydrophobic interactions, such as those between pairing leucine zippers. No such effects were observed for the TAP1/TAP2 interaction or the complex formation between TPN and MHC I. We propose that TAP/TPN complex formation is driven by hydrophobic interactions via leucine zipper-like motifs. The Journal of Immunology, 2015, 195: 5482-5494.
M ajor histocompatibility complex class I-mediated Ag presentation is a critical immunological pathway to eradicate tumors and virally infected cells (1) . To this end, peptide Ags are generated in the cytosol mostly by the proteasome (2) . These are then translocated into the endoplasmic reticulum (ER) by the transporter associated with Ag processing (TAP) and loaded onto MHC I molecules in the so-called peptideloading complex (PLC) (3) . The function of the PLC is to facilitate the transfer of peptide Ags, typically 8-11 aa long, into the peptide-binding groove of MHC I and to edit the respective peptide repertoire in a way that only high-affinity ligands are loaded (4) . Once MHC I has captured an appropriate peptide ligand, it dissociates from the PLC and migrates via the exocytic pathway to the plasma membrane (5) . TAP is a member of the ATP-binding cassette transporter family (4) and forms a heterodimer consisting of two subunits, TAP1 and TAP2. Both TAP subunits have a similar domain structure that can be subdivided into an N-terminal transmembrane domain (TMD), which forms the translocation pore within the ER membrane, and a cytosolic C-terminal nucleotide-binding domain, which energizes peptide translocation (6) . The TMDs contain a core domain (core TMD) of six TM a helices and an N-terminal extension of up to four TMs (N-terminal domain [N-domain]) for TAP1 and TAP2, respectively (7) . The N-domains in both TAP1 and TAP2 are dispensable for peptide transport, but each contains one single functionally independent docking site for tapasin (TPN) (7) . Based on truncation mutants of TAP expressed in insect cells, it had previously been suggested that the first N-terminal TM of each N-domain is crucial for the physical interaction with TPN (8) . However, these studies were performed in nonmammalian baculovirus-infected Sf9 cells in the absence of MHC I expression and other accessory PLC polypeptides (8) . These accessory proteins normally interact cooperatively with each other as well as with TPN and TAP and substantially stabilize the overall complex (9, 10) . Findings by Procko et al. (11) have raised doubts whether the baculovirus/ insect cell system employed is in general suitable for the stable expression of intact TAP chains. In fact, the authors found that TAP chains expressed in insect cells are highly sensitive to N-terminal degradation, resulting in a large amount of proteolyzed TAP variants, which are deprived of their N-domain sequences essentially required for TPN binding (11) .
In recent years, different groups have confirmed our original finding (3, 7) that the PLC contains two TPN molecules, with one TPN bound to each of the two TAP subunits (12, 13) . By analyzing different chimeric TAP/TPN complexes, a current study provides evidence that the nature of TPN recruitment by TAP as a structural basis for proper PLC assembly is highly conserved among jawed vertebrates (14) . Most interestingly, we and others also showed that one TPN molecule bound either to TAP1 or TAP2 is sufficient for efficient MHC I Ag presentation (3, 12) . However, although both N-domains of TAP contribute independently to MHC I/TPN binding, different studies provided strong evidence for a functional asymmetry resulting in a greater signi-ficance of the TAP2/TPN interaction for PLC function (7, 15) . Consistently, in all avian MHC loci sequenced so far, only TAP2 harbors an N-domain, whereas TAP1 has no such domain and is therefore equivalent to core TAP1 (1DN) (16, 17) . In our previous studies we demonstrated that a TAP variant lacking the N-domain of TAP1 ("bird-like" TAP variant 1DN-2) shows functional recruitment of MHC I and TPN to TAP2 as well as normal MHC I maturation and surface presentation. In contrast, TAP variants lacking the N-domain of TAP2 (1-2DN) are disturbed in the proper assembly of the PLC and fail to generate stable MHC I/ peptide complexes (7, 18) . Thus, 1DN-2 with its single TPNdocking site and normal PLC function provides an ideal experimental system to study the TAP2/TPN interaction required for functional MHC I recruitment without any disturbing effects or influence due to TPN binding to TAP1.
In this study, we demonstrate that the first two TMs of TAP2 with their hydrophobic leucine-rich sequence stretches (also known as TM leucine zipper motifs [TMLZ] with the central hydrophobic residues L20 and L66) build a functional unit essential for efficient and functional MHC I/TPN association. In contrast, three highly conserved arginine and aspartate residues located within or directly adjacent to these TMs are not required. Moreover, we demonstrate that the cyclic hydrocarbon benzene known to interfere with the structure and formation of leucine zippers (19, 20) specifically disrupts the physical interaction between TAP and TPN even under stabilizing detergent conditions. Based on our data, we conclude that TM1 and TM2 of TAP2 are essential for the functional interaction with TPN/MHC I. Thus, complex formation between TAP2 and TPN is mainly based on hydrophobic interactions between conserved leucine zipper-like motifs present within the identified TPN docking site of TAP2 and the TM region of TPN.
Materials and Methods

Cell lines and cell culture
T2 is a human TAP-deficient lymphoblastoid cell line expressing HLA-A2 and HLA-B51 (21) . T2 cells are derivatives of the TAP-proficient lymphoblastoid cell line T1 (21, 22) . Nontransfected T2 and T1 cells were cultured in IMDM/10% FCS (Invitrogen). Transfectants of T2 expressing rat wild-type (wt) TAP (TAPwt), 1DN-2, or 1-2DN variants (7) were cultured in IMDM (Invitrogen) supplemented with 1 mg/ml G418 (PAA Laboratories). All culture media contained 100 U/ml penicillin and 100 mg/ml streptomycin (Invitrogen).
Benzene-PLC stability assay
Cells were lysed in digitonin-containing lysis buffer with or without benzene (0.05-5%) for 30 min at room temperature. Benzene does not affect the cholesterol-binding properties of digitonin (23) . For immunoisolation, postnuclear cell extracts were applied for 24 h at 4˚C to Sepharose coupled anti-TAP2 Abs. After extensive washing with lysis buffer, precipitated proteins were eluted in 100 mM Tris/0.5% SDS (pH 9.0), separated by SDS-PAGE, and analyzed in Western bots. Benzene is a carcinogen (http://www.cancer.org/cancer/cancercauses/othercarcinogens/ intheworkplace/benzene) and extreme care should be exercised in its use.
Cloning and expression of truncated and mutant TAP chains
The vector pBluescript II KS + (Stratagene) containing rat TAP2a cDNA (http://www.ncbi.nlm.nih.gov/genbank/, GenBank accession number X63854. 1) was subjected to QuikChange site-directed mutagenesis (Stratagene) using primer pairs 59-GCAGCCGCAGACCCCACCATGGCGCCCGGCACCCTG  CGACTTGGAGTG-39 and 59-CACTCCAAGTCGCAGGGTGCCGGGCG-CCATGGTGGGGTCTGCGGCTGC-39, 59-GCAGCCGCAGACCCCACC-ATGGCGCCCACCATGAGCACCTCAG-39 and 59-CTGAGGTGCTCAT-GGTGGGCGCCATGGTGGGGTCTGCGGCTGC-39, 59-CCATGGCGCTG-TCCTACCCGGCGCCCTGGGCTAGCCTGCTGCTGGTGGACCTGGC-39  and 59-GCCAGGTCCACCAGCAGCAGGCTAGCCCAGGGCGCCGGG-TAGGACAGCGCCATGG-39, 59-GGGCCTCTCTGCTGCTGGTAGCGCT-GGCTTTACTTGGGTTGCTACAAAG C-39 and 59-GCTTTGTAGCAACC-CAAGTAAAGCCAGCGCTACCAGCAGCAGAGAGGCCC-39, 59-GGGCC-TCTCTGCTGCTGGTGAGGCTAGCTTTACTTGGGTTGCTACAAAGC-39  and 39-GCTTTGTAGCAACCCAAGTAAAGCTAGCCTCACCAGCAGCA-GAGAGGCCC-59, 59-CCCCCTGTTTTTCTCGCTGGCAGCACTAGTGG-GAAGCACCATGAGCACC-39 and 59-GGTGCTCATGGTGCTTCCCAC-TAGTGCTGCCAGCGAGAAAAACAGGGGG-39, and 59-CCCCCTGTTT-TTCTCGCTGGACGCACTAGTGGGAAGCACCATGAGCACC-39 and 59-GGTGCTCATGGTGCTTCCCACTAGTGCGTCCAGCGAGAAAAACA-GGGGG-39 to generate the 1DN-2 variants 1DN-2DTM1 (39 deleted  residues Antibodies 116/5 and D90 are rabbit antisera recognizing the C terminus of rat TAP2 or rat TAP1 (25, 26) . MAC394 is a monoclonal mouse anti-rat TAP2 Ab derived from immunization with the recombinant histidine-tagged cytoplasmic domain of rat TAP2a (27) . The mouse mAbs 148.3 and 435.3 are directed against human TAP1 and TAP2, respectively (28, 29) . 3B10.7 is a rat mAb binding the H chains of HLA-A and HLA-B. 4E is a b 2 -microglobulinNdependent mouse mAb that recognizes an epitope common to all assembled HLA-B molecules (30) . The rabbit antiserum R.SinE and the mouse mAb PasTa-1 are raised against human TPN (31) . All HRPconjugated Abs were purchased from Dianova.
Cell lysis, endoglycosidase H digest, and Western blotting
Equal number of cells were lysed in PBS containing 1% digitonin (Sigma) or 1% Triton X-100 (Sigma). Endoglycosidase H digest of cell extracts was performed as described earlier (7) . Cell lysates were separated by SDS-PAGE and analyzed by Western blotting. Fluorographs were scanned and quantitated using the software GelEval from FrogDance.
Immunoprecipitation
Abs (anti-rat TAP2/MAC394, anti-hTAP2/435.3, and anti-TPN/PasTa-1) used for immunoprecipitation were coupled to cyanogen bromide-activated Sepharose (Sigma-Aldrich). For immunoisolation experiments cells were washed in PBS before lysis in 1% digitonin (Sigma-Aldrich). Postnuclear supernatants were applied for 2 h at 4˚C to the Sepharose-coupled Abs. After extensive washing with 0.1% digitonin, precipitated proteins were eluted in 100 mM Tris/0.5% SDS (pH 9.0). Eluted samples were separated by SDS-PAGE and analyzed in Western bots.
15 mM Bis-Tris [pH 7.0], 0.01% Serva G) and anode buffers (25 mM Bis-Tris [pH 7.0]). The blue cathode buffer was exchanged with a colorless cathode buffer during the run after 6-8 h. For immunoblotting, the BN gel was incubated for 10 min in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) containing 0.1% SDS. Immunoblots were developed with specific Abs against rat TAP1, rat TAP2, TPN, and MHC I H chains.
Flow cytometry
Flow cytometry was performed on a FACSCalibur (BD Biosciences) as described previously (33) . For the analysis cells were stained with mAb 4E followed by FITC-labeled secondary Ab.
Peptide transport assay
The nonradioactive peptide transport assay using the model peptide S8 (TVDNKTRYR, which is biotin labeled at the lysine residue) was carried out as described by Keusekotten et al. (34) .
Results
The first two leucine-rich TM segments of TAP2 are involved in functional TPN/MHC I recruitment Previously, we had shown that the TAP variant 1DN-2 ( Fig. 1A) forms a stable and fully functional PLC with only one TPNdocking site provided by TAP2 (7) . This mimics the situation in the avian system, in which only TAP2 but not TAP1 contains an N-domain (16) . Thus, our bird-like TAP variant 1DN-2 provides an excellent starting point to study the function of the N-domain in TAP2 without potential interference from TPN binding to TAP1. To this end, we assessed which TMs of TAP2 are involved in the functional interaction with TPN/MHC I.
Each of the first two N-terminal TMs (TM1 and TM2, predicted by TopPred II; see Fig. 1B ) (35) , but not the third TM (TM3, not shown) of TAP2 contains leucine-rich sequence stretches, socalled TMLZs (36) . The same is also true for TM1 and TM2 of TAP1 (Fig. 1C) . These motifs were speculated to serve as complementary interaction sites for a possible leucine zipper in the single TM segment of TPN ( Fig. 1D) (37) . Consistent with such a role, the putative TMLZs in all these TMs are well conserved ( Fig. 1B-D) . Moreover, a comparison of helical wheel projections of TM1 from TAP1 and TAP2 indicates a similar spatial topology of hydrophobic and polar surface residues/areas (Fig. 1B, 1C , right panel). A comparable situation can be also seen for the helical wheel projections of TM2 from TAP1 and TAP2 (Fig. 1B,  1C , right panel).
T2 cells expressing 1DN-2 variants bearing single and/or multiple mutations within the TMLZs of TM1 and TM2 in TAP2 could not be established (not shown). This suggests that stable expression of the respective mutant transporters is either harmful to the transfectants or that the transporter is structurally unstable and rapidly degraded. Thus, based on the original TAP variant 1DN-2 ( Fig. 1A ) (7), we generated transporters lacking the entire TM1 or lacking both TM1 and TM2 of TAP2 (1DN-2DTM1 and 1DN-2DTM1/2, Fig. 1A ). Both TAP variants were expressed at levels comparable to TAPwt and showed normal peptide transport activity ( Fig. 2A, 2B ). To investigate whether the mutant transporters interact with TPN and MHC I, we performed immunoisolations of TAP and/or TPN from digitonin-lysed cells (Fig. 2C ). This revealed that the transporter variant 1DN-2DTM1 retains the ability to interact with TPN and MHC I to a significant extent (∼50-60% reduced co-isolation). Only in the case of 1DN-2DTM1/2 was the formation of the PLC completely disrupted (Fig. 2C) . The distinct behavior of TAPwt, 1DN-2DTM1, and 1DN-2DTM1/2 was also reflected in different intracellular MHC I maturation profiles, as well as in differences in assembly-dependent thermostability and surface expression of MHC I (Fig. 2D-G) . T2 transfectants expressing 1DN-2DTM1 displayed an increased amount of ER-localized and thermolabile MHC I molecules. This was accompanied by a reduction in surface levels of HLA-B5, an MHC I allele known for its TPN-dependent peptide loading and maturation (38) . Strikingly, all these phenotypic deficiencies were significantly more pronounced in T2 transfectants expressing TAP variant 1DN-2DTM1/2. BN gel electrophoresis assays (Fig. 3) confirmed our previous finding that TAPwt forms oligomers of 350 and 450 kDa (3), whereas 1DN-2 participates in 230-and 330-kDa complexes (3) . Interestingly, the analysis of variant 1DN-2DTM1 revealed that a large fraction (∼30-40%) of this TAP variant did not interact with TPN (presence of an additional 130-kDa complex) (Fig. 3B) . Furthermore, in the case of 1DN-2DTM1/2, only a TPN-free transporter species of ∼130 kDa was present (Fig. 3B ). This demonstrates that the physical recruitment of TPN is weakened for 1DN-2DTM1 and completely disrupted for 1DN-2DTM1/2. Thus, our results indicate that the first two N-terminal TMs of TAP2 with their highly conserved leucine-rich sequence stretches act together to form a functional unit required for efficient binding of TPN and MHC I.
Highly conserved charged residues within and/or adjacent to the first two TMs of TAP2 are dispensable for TPN/MHC I binding Salt bridges in assembled TM helices are formed by the complementary combinations D-R, D-K, E-R, and E-K (39). Glutamate, lysine, and arginine are thought to be suited for a dual role forming ionic as well as hydrophobic interactions, whereas the side chain of aspartate is obviously too short to contribute significantly to hydrophobic interactions (40, 41) . Mutations of a highly conserved glutamate flanking the TPN TM on the ER luminal side affect TAP2 stabilization as well as complex formation (37) . However, it is not clear whether this conserved acidic residue is required for proper TPN folding, TAP interaction, or the complex formation with other accessory components of the PLC, such as the ER-resident chaperone calnexin (42) .
To get more insight into this, we concentrated our studies on the six highly conserved charged residues within or adjacent to the leucine-rich regions of TM1 and TM2 at positions 7 (arginine), 16 (aspartate), 41 (glutamate), 45 (arginine), 54 (lysine), and 80 (arginine) and asked whether these amino acids play a role in the TAP2/TPN interaction. Alanine substitutions at positions 7, 16, and 80 seem to have no detrimental effects on the expression level and stability of 1DN-2 ( Fig. 4A) , and this was also true for chargeexchange mutations at position 16 and 80 (D to R and R to D, respectively). Only some minor degradation (10-20%) could be observed for the transporter mutant 1DN-2R/A-80 ( Fig. 4A , indicated by an asterisk). In contrast, the conserved residues glutamate, arginine, and lysine at positions 41, 45, and 54 in the loop connecting TM1 and TM2 did not tolerate any of these amino acid alterations without affecting cellular synthesis and/or stability of the transporter (not shown). Thus, we focused on the five expressible TAP mutants (1DN-2R/A-7, 1DN-2D/A-16, 1DN-2D/R-16, 1DN-2R/A-80, and 1DN-2R/D-80). All these transporters were expressed at levels comparable to 1DN-2 or TAPwt (Fig. 4A , left panel) and displayed efficient subunit dimerization (Fig. 4A , right panel) and normal peptide transport activity (Fig. 4B) . Analysis of immunoisolated TAP or TPN complexes showed that none of the mutant TAPs was detectably impaired in complex formation with TPN and MHC I (Fig. 4C) . Intracellular maturation, stability, and surface expression of MHC I were normal (Fig. 4D-F) , indicating that the respective PLCs are functional. All mutant transporters promoted MHC I surface presentation to a comparable extent as TAPwt and 1DN-2 (Fig. 4G ). This suggests that the acidic and basic characters of the three highly conserved charged residues within or directly adjacent to TM1 and TM2 are not only negligible for TAP expression, stability, and peptide transport but are also dispensable for the functional recruitment of TPN and MHC I.
The TAP/TPN interaction in the PLC is sensitive to leucine zipper-targeting aromatic hydrocarbons Previously, it had been shown that TAP and TPN form a stable complex that does not disassemble after the release of loaded MHC I from the PLC (Fig. 5A) (43) . Our findings in Fig. 4 do not exclude the possibility that acidic or basic residues, which were not mutable in TAP2 (E41, R45, and K54), are involved in the assembly of TAP and TPN. However, note that the TAP/TPN interaction is also stable in cell extracts in the presence of the sterolbinding mild detergent digitonin that does not physically disrupt hydrophobic or other biochemical interactions within protein complexes. In contrast, Triton X-100, which abrogates hydrophobic interactions but maintains charge-charge and hydrogen bonding between polypeptides, releases TPN from TAP ( Fig. 5B) (44) . Hence, to get more insight into the biochemical properties of the TAP/TPN interaction, we performed stability assays (Fig. 5C ) using the cyclic hydrocarbon benzene. Benzene binds efficiently to cellular membranes (45), interacts with hydrophobic protein patches and/or cores, and modulates the arrangement of hydrophobic protein interfaces (19, 20) . Benzene does not affect the cholesterol-binding properties of digitonin (23), but it specifically targets leucine zippers containing central small residues (19, 20) (see Fig. 1 ). Leucine zippers are made up of two or more packed a helices (containing 20-40 residues) (46), with every seventh residue containing leucine or some other large hydrophobic residue, such as isoleucine, valine, methionine, or phenylalanine (47) . Also, conserved tryptophan and glycine residues are thought to play a role in hydrophobic helix-helix packing (48) . The leucine zipper-like sequence stretches of TM1 and TM2 in TAP2 and TAP1 contain such characteristic hydrophobic amino acids (Fig. 1) . When analyzing digitonin-solubilized T2-TAPwt cells we observed that TPN dissociation from TAP is triggered in vitro by benzene in a concentration-dependent manner. At a concentration of 5% benzene, nearly all of the TPN molecules were released from TAP (Fig. 5C ). No such effects were observed with other cyclic hydrocarbons (e.g., dioxane alone), which specifically disrupt hydrophobic lipid/lipid and lipid/protein interactions in biological membranes (not shown) (49, 50) . Moreover, although benzene has apparently no detectable effect on the proper transport function of TAP (Fig. 5D ), surface MHC I was detectably thermolabile in the presence of benzene (Fig. 5E, left and right panels) , suggesting the presentation of an altered peptide repertoire. In view of the fact that TPN recruitment to the PLC is essential for a proper quality control of MHC I peptide loading (7, 51) , it is tempting to assume that the result of the experiment depicted in Fig. 5E reflects a loss of this critical MHC I control step. Next, we asked whether other TAP variants and further polypeptide interactions within the PLC are affected by hydrocarbon treatment. Therefore, T2 cells expressing TAPwt, 1-2DN (TAP lacking the TPN docking site in TAP2), 1DN-2 (TAP lacking the TPN docking site in TAP1) (7) , and T1 cells (expressing human endogenous TAP) (21) were lysed in digitonin lysis buffer in the presence or absence of benzene (Fig. 6) . Western blot analysis of immunoisolated PLCs demonstrated a benzenedependent disruption of the TAP/TPN interaction for all analyzed TAP complexes (Fig. 6A, 6B) . TAP/TPN interactions in T1 cells and T2 transfectants displayed comparable benzene susceptibility (Fig. 6C, 6D ), suggesting similar hydrophobic requirements for complex formation. In contrast, complex formation between TAP1 and TAP2 or between TPN and MHC I was not affected at all by the presence of the hydrocarbon (Fig. 6) . Because we used different Abs to study TAP2/TAP1, TAP/TPN, and TPN/MHC I interactions, we additionally analyzed different protein loads (24, 12, 6, and 3 ml) of the various immunoisolates to validate the differential effects of benzene on the PLC components (Supplemental Fig. 1 ).
As expected, at comparable signal intensities of immunoisolated TAP chains the amount of co-isolated TPN was drastically reduced in the presence of benzene (Supplemental Fig. 1) . A comparable situation was also found for precipitated TPN and co-isolated TAP2. Again, the different sample loads confirmed a benzenemediated dissociation of TPN/TAP complexes. In contrast, a comparison of the obtained signal ratios for immunoisolated TAP2 and co-isolated TAP1 demonstrated their stable complex formation in the presence of benzene (Supplemental Fig. 1 ). This was also true for the obtained MHCI/TPN signal ratios of the anti-TPN precipitates and thus confirmed that TPN and MHC I form a benzene-resistant complex.
Taken together, our results indicate that the biochemical nature of physical TPN interaction with assembled TAP molecules is comparable for TAP1 and TAP2 and predominantly determined by benzene-sensitive hydrophobic interactions.
The three TPN-docking sites in TAP have distinct biochemical requirements for TPN binding Single as well as assembled TAP2 chains interact with TPN exclusively via the N-domain (7), whereas single TAP1 subunits use a TPN-docking site in the core TMD (7, 52), which is lost upon TAP2 association (52) . The respective TPN-binding site of core TAP1 is located in the polar face of the amphipathic TM9 and depends on charged and polar but not hydrophobic residues (52). Thus, the biochemical nature of the long-lasting, structural interaction between TPN and the TAP N-domains, driven by hydrophobic leucine zippers, appears to be strikingly different from the transient, polar interaction between TPN and the core TMD of TAP1. Therefore, a surprising scenario emerges in which TAP and TPN may have two radically different modes of interaction, although both are acting via TM segments and in the case of TPN even involve the same single TM segment. To address such a scenario directly, we analyzed how the physical interaction of TPN with unassembled TAP1 and TAP2 subunits differs with respect to benzene sensitivity. To this end, a series of different sample volumes (24, 12, 6 , and 3 ml) of anti-TAP1 and anti-TAP2 immunoprecipitates was analyzed by Western blotting using Abs against TAP1, TAP2, and TPN. As shown in Fig. 7 , only TAP2/ TPN complexes were highly sensitive to benzene, whereas TAP1/ TPN and 1DN/TPN complexes were not affected by the cyclic hydrocarbon (see TPN/TAP chain signal ratios for the different protein loads). Thus, consistent with a recent study (52) , the transient complex formation between TPN and the core TMD of single TAP1 chains does not appear to be driven by hydrophobic interactions. We note that these results are also an excellent internal control for all of our above experiments, as they demonstrate that benzene selectively disrupts only hydrophobic interactions, even among identical binding partners (i.e., TPN binding to the N-domain of TAP1 is fully benzene sensitive; Fig. 6 , S1, T2-TAPwt, and T1 cells), whereas binding to the core TMD of TAP1 is completely benzene insensitive (Fig. 7, T2-1DN ). Taken together, our data strongly support an exciting scenario in which the TPN-docking sites in the N-domain of TAP2 and in the core TMD of TAP1 indeed display strikingly different biochemical requirements, likely correlating with different functions of the respective interactions.
Mutations of leucine residues within the TMLZ of single TAP2 chains weaken the physical interaction with TPN As mentioned above, stable T2 transfectants expressing 1DN-2 variants carrying TMLZ mutations in TM1 and/or TM2 cannot be established. However, three TAP2 single-chain mutants (TAP2 L/A-20, TAP2 L/A-66, and TAP2 L/A-20:66) showed measurable expression when transiently transfected into T2 cells (Fig. 8A) . As expected, all of them colocalized well with TPN in the ER (Supplemental Fig. 2) . To analyze the physical complex formation between the mutant TAP2 variants and TPN, cell lysates of the transiently transfected T2 cells were used for anti-TAP2 immunoprecipitation experiments (Fig. 8B) , for immunodepletion studies using TPN-specific Abs (Fig. 8C) , as well as for TAP2 stability assays (Fig. 8D) . As shown in Fig. 8B , all three TAP2 mutants co-isolated less TPN per immunoprecipitated TAP2 when compared with TAP2wt (i.e., the TAP2/TPN ratio increased from 1.0 to values of 1.3-1.5). This suggests that the central TM leucine residues L20 (TM1) and L66 (TM2) are indeed relevant for proper stoichiometric complex formation between TAP2 and TPN (7, 15) . Although the observed TPN-binding differences between wt and TAP2 mutants are small, we could replicate this interesting result by performing quantitative immunodepletion experiments (Fig. 8C) . Analysis of TPN-depleted cell extracts demonstrated that a quantitative removal of TPN is normally accompanied by complete codepletion of the transiently transfected TAP2wt. However, this was not observed for TAP2 L/A-20, TAP2 L/A-66, and TAP2 L/A-20:66, although they all displayed a much lower expression level than did TAP2wt (Fig. 8A) . For all transfectants expressing mutant TAP2 chains, we again found small but well detectable amounts of TPN-free TAP2 molecules. For instance, T2 transfectants expressing TAP2 L/A-20:66 displayed ∼20-22% "TPN-free" TAP2 chains. Moreover, in line with the postulated TAP2 stabilization function of TPN (37), we also found that the half-lives of the three TAP2 mutants were reduced when compared with the half-life of TAP2wt (Fig. 8D) . Taken together, our results support the idea that leucine residues within the TMLZs of the first two TMs of TAP2 are part of the hydrophobic interface that is involved in the TPN interaction.
Discussion
Although both N-domains of TAP independently contribute to MHC I/TPN binding, various studies have provided strong evidence for a functional asymmetry with greater significance of the TAP2/TPN interaction for PLC function (7, 15) . In line with this, only one TPN bound to TAP2 is sufficient for functional PLC assembly, efficient quality control, and stable peptide loading (7) . In the present study, we investigated the biochemical requirements of TAP2/TPN complex formation by employing different transporter variants as PLC model systems. We demonstrate that complex formation between TAP2 and TPN is mainly based on hydrophobic interactions between the first two N-terminal TMs of TAP2 and the TM of TPN. Our data show, to our knowledge for the first time, that the hydrocarbon benzene, which interferes with the formation of leucine zippers (19) , specifically disrupts the physical interaction between TAP and TPN.
Benzene is a widely used industrial chemical and one of the most common air pollutants (53) . Exposure to benzene can lead to deleterious effects in many biological systems, including immune suppression. It was among the first confirmed carcinogens established by the International Agency for Research on Cancer and has been associated with lymphomas, myelodysplastic syndrome, multiple myeloma, and malignant melanoma (54). Our experiments on PLC integrity provide evidence that benzene might directly affect the MHC I Ag presentation machinery in living cells. In particular, thermostability of surface MHC I appears to be detectably reduced (between 20 and 25%) in the presence of the hydrocarbon. If benzene were to separate TAP and TPN in vivo, a reduced thermostability of MHC I would be expected, as TAP incorporation into the PLC is essential for a proper quality control of peptide loading (7, 51, 55) . Thus, part of the carcinogenic effect of benzene might be caused by dysfunctional Ag presentation impairing a proper immune response. In our previous studies we had demonstrated that a post-ER quality control checkpoint (dependent on proprotein convertase 7) can rescue unstable MHC I molecules transported to the cell surface of T2 cells (18) . This finding could explain the observation that benzene has a rather small effect on the thermostability of surface-expressed MHC I in vivo (Fig. 5E) .
Leucine zippers are widespread in nature and are known to frequently mediate interactions between TM proteins (36, 56) . Moreover, theoretical calculations (57) and experiments (58, 59) suggest that hydrophobic interactions are more stabilizing than salt bridges in protein folding and assembly. Our studies show that TPN recruitment does not require the presence of the highly conserved arginine and aspartate residues that are juxtaposed to the TMLZ motifs of the TM1 and TM2 of TAP2. This is in agreement with a report by Papadopoulos and Momburg (37) , who based on an extensive mutational analysis of murine TPN proposed that the TAP2 interaction motif of TPN consists of a TMLZ within the TMD. Most interestingly, a conserved lysine at position 408 within the TMD of TPN (9, 37, 60) does not seem to be required for TAP2/TPN interaction and/or TAP2 stabilization. However, mutations of K408 do cause a failure to stabilize heterodimeric TAP and, as a consequence, abrogate stable PLC formation (61) . A possible explanation is that K408 of TPN is required for the transient interaction with the core TMD (not the N-domain) of TAP1 during the biogenesis of functional TAP heterodimers (52) . This particular interaction was recently investigated and shown to require polar residues, and is thus probably very different in nature than the TPN association with the TAP N-domains examined in the present study (52) . A scenario in which TPN binding to the N-domains and to the core TMD of single TAP1 has different biochemical requirements is further supported by their differential sensitivity to benzene (Figs. 5, 6, Supplemental Fig. 1 ). The interactions are likely also functionally different, as binding the core TMD of TAP1 occurs only very transiently during transporter assembly, whereas TAP forms a stable, permanent unit with TPN via its N-domains (12) . Hence, it seems that TPN uses distinct mechanisms, as the molecule associates with various regions within TAP during the biogenesis of the PLC. Our results suggest that the TM1 and TM2 of TAP2 cooperate in recruiting TPN. Thus, the TMLZs of the TAP2-TM1, the TAP2-TM2, and the TPN-TM may form a trimeric unit, as has been described for other membrane-bound protein complexes (36) . Thus, for example, the chicken homolog of the hepatic asialoglycoprotein receptors exists as a homotrimer whose formation and stability depend on the TMLZ sequences (62, 63) . Moreover, heteromeric cyclic nucleotide-gated channels require for their stable assembly trimer-forming C-terminal leucine zippers (64) . Furthermore, also several viral proteins exist as oligomeric complexes, and their assembly appears to depend on the TMLZ within their TMs. For instance, the influenza hemagglutinin TM with its leucine-rich sequence motifs is required for full membrane fusion (65) and stabilizes the trimeric complex (66) . Moreover, mutations of conserved leucine residues within the TMs of the hemagglutininneuraminidase of Newcastle disease virus affect tetramerization and fusion promotion (67) .
Thus, such an arrangement within the PLC might explain the high specificity as well as structural stability of TAP/TPN complexes. TM a helices that are used for the assembly of TM proteins can have the same or opposite orientations within membranes (56, 68, 69). Thus, one can imagine that in the TAP2/TPN complex the antiparallel TM1/TM2 orientation in TAP2 forms a hydrophobic core, against which the TM of TPN is packed. Indeed, the TM of TPN and each of the two N-terminal TMs of TAP2 contain broad hydrophobic leucine-rich surface areas (see Fig. 1 ), which may allow the assembly of a hydrophobic three-stranded a helix unit. Note that the valine-rich TM segments of the MHC I (HLA-B51, GenBank accession no. AAA64513.1, TM segment, IVAGLAVLAVVVI-GAVVAAVMC; HLA-A2, GenBank accession no. AAA76608.2, TM segment, GIIAGLVLFGAVITGAVVAAVMW) expressed in T2 cells apparently do not contain TMLZs. Thus, it is rather unlikely that TM segments of MHC I play any role in the TMLZ-mediated complex formation between TAP and TPN. This is in line with the hypothesis that TPN and MHC I interact with each other via their ER luminal domains (70) . The TMLZs of TM1 and TM2 are present in both TAP chains at corresponding sequence positions. Fig. 9 shows a hypothetical working model in which we propose that the TM segment of TPN may be able to interact via two pairing leucine zipper-like structures with respective hydrophobic motives in TM1 (containing the TMLZ with L20) and TM2 (containing the TMLZ with L66) of both TAP chains. In our model, which does not contain any salt bridges, the composition of the involved leucine zipper-like structures may be somewhat different between TAP1 and TAP2, and the TMLZs of TAP2 seem to represent more ideal leucine zipper motifs than do the TMLZs of TAP1. This could be one of the possible factors contributing to the observed functional asymmetry of the two TPN-docking sites of TAP1 and TAP2 (7, 15) . Similar to the first TM of TAP2, also the TM1 of TAP1 contains a highly conserved aspartate (D17, Fig. 1 ) at homologous sequence position (e.g., D16-rat TAP2, D17-rat TAP1). Based on our work, it is tempting to speculate that in the case of TAP1 this acidic residue in the N-domain may be also dispensable for the functional TAP1/TPN interaction. Mutations of the conserved aspartate in TAP2 seem to have no effect on TPN interaction and peptide transport function of TAP (see Fig. 4 ). However, unfortunately, TAP mutants carrying aspartate mutations in the TM1 of TAP1 are characterized by very low steady-state expression of the TAP1 chains (data not shown). Thus, it has so far not been possible to directly compare the function of the conserved aspartate in the TM1 of TAP1 and TAP2. The three conserved charged basic residues in the TM1/TM2 sequence of TAP1 are arginines at positions R22, R40, and R48, which have apparently no respective counterpart residues in the TM1/TM2 sequence of TAP2 (Fig. 1) . Reciprocally, the same is also true for the conserved basic TM1/TM2 residues of TAP2. These sequence differences probably do not play a role for the differential effect of benzene on the single-chain TAP1/TPN and single-chain TAP2/TPN interaction because unassembled TAP1 uses its core domain and not the N-domain for the binding to TPN. However, it will be highly interesting to see whether and to what extent these sequence differences are responsible for the observed dissimilar properties of the two MHC I loading sites in the PLC (7, 15) . Clearly, more work is required to find out whether and to what extent sequence differences in the N-terminal TMs are responsible for the observed functional differences in TPN recruitment between TAP1 and TAP2.
Our findings do not support the original view that merely the first N-terminal TM of each N-domain is involved in TPN recruitment (8) . Because TPN binding by TAP is structurally conserved among distinct vertebrates (14) , species-specific differences are very unlikely to account for the different results of the studies. We suggest that the discrepancy is most likely due to the fact that Koch et al. (8) used a baculovirus/insect cell expression system, which is known to generate large amount of proteolyzed TAP variants that are deprived of their N-domain sequences essentially required for TPN binding (11) . Another critical experimental limit of the baculovirus system is that important accessory interactions between the different components of the PLC are missing. In vertebrates, TPN normally binds via a covalent bond to ERp57, which interacts with calreticulin, which in turn associates with MHC I forming a complex with TPN (10, 71) . All of these interactions individually contribute only little to the overall stability of the PLC, but in sum they enormously stabilize the complex (10) . Because insect cells do not express MHC I molecules, crucial interactions in the artificially formed PLC are absent. Fur-FIGURE 9. Hypothetical working model on the possible TM interactions between TPN and TAP1 and TAP2. Topology prediction of the TMDs was performed with TopPred II (see Fig. 1 ). Using a modeling related to the style of the online prediction tool DrawCoil 1.0 (http://www.grigoryanlab.org/ drawcoil/) single helical wheels were generated for the TM segment of TPN (37) and each of the first two TMs of TAP1 and TAP2 and then spatially arranged for the hypothetical TM interaction model. For a simple graphical representation, the residues, which emanate from the same angular position of the helices (at the seventh heptad repeat position), are row arranged in the different helical wheel diagrams. For this kind of modeling we used the respective consensus sequences of TPN, TAP1, and TAP2 from humans, mice, and rats. The postulated membrane orientations of TM1 and TM2 in the proposed model are based on findings that were currently published by Hulpke et al. (12, 15) . Because our study did not analyze structural interactions between the N-terminal TMs of TAP1 and TAP2, the depicted working model does not speculate on (or consider) possible contacts/interfaces between TM1 and TM2 of the two TAP chains. The leucine zippers and hydrophobic residues in the helical wheel projections of TPN, TAP1-TM1/TM2, and TAP2-TM1/TM2 are shown in green. Leucine residues that could be exchanged to alanine by site-directed mutagenesis in TM1 and TM2 of TAP2 (L-20 and L66) are marked by a red circles. All TAP and TPN sequences used for the hypothetical working model were retrieved from the GenBank database (http://www.ncbi.nlm.nih. gov/genbank/) (GenBank accession nos. AJ400732.1, AJ316613.2, AF009510.1, X63854.1, NM_011530.3, AB073779.1, X57523.1, NM_001161730 .1, and AY523971.2). thermore, it is not clear whether oxidoreductases and chaperones from insect cells can functionally substitute for the auxiliary PLC components ERp57 and calreticulin. Thus, partially assembled PLC variants formed in baculovirus-infected invertebrate cells (8) are likely to be unstable and may fall apart during immunoisolation. Fragile complexes held together by residual weak interactions could easily go undetected.
The greater resistance of TAP1/TAP2 and TPN/MHC interactions to the effects of benzene might be also due to the fact that TAP1/ TAP2 complexes are predicted to involve multiple interdigitating TM domain interactions and that TPN/MHC interactions involve the luminal domains of the proteins. However, these two explanations clearly do not work for the observed benzene resistance of TAP1/TPN and 1DN/TPN complexes. Previous studies have demonstrated that in the case of single unassembled TAP1 chains a polar face of TM9 in the core TMD is essential to establish an interaction with TPN during the proper heterodimerization of the transporter (52). Our present findings (Fig. 7) clearly show that this TPN recruitment to the polar TM helix of single TAP1 is much more resistant to benzene than is the TPN binding to the two leucine-rich N-terminal TMs of TAP1 and TAP2. Unlike the TM1 and TM2 of both TAP chains, the TM9 of TAP1 does not contain a TMLZ motif. Thus, it is tempting to speculate that the observed differential effects of benzene on TPN interaction rely predominantly on the hydrophobic and/or polar character of the respective interface and are therefore rather specific to the N-terminal TMs of TAP.
Which molecular factors may contribute to the specificity of the hydrophobic TAP2/TPN interaction? There are several cases in which interactions between TM a helices are highly specific in the absence of prosthetic groups (72) . Examples include the dimerization of the single TM a helix of human glycophorin A (73-75) and the association of the TMDs of the MHC II a-and b-chains (76) . In these cases, a precise pattern of hydrophobic amino acid side chains on one face of the TM a helix is required for helix/helix interactions. Various studies have shown that van der Waals interactions alone can provide sufficiently stabilizing forces to mediate specific TM a helix associations (77) (78) (79) . A similar hydrophobic mechanism may drive the specific assembly of the TM a helices of TAP and TPN.
The adenovirus TM protein E3-19K delays the surface expression of MHC I alleles to which it cannot bind tightly (80) . It was proposed that E3-19K mimics the TAP-binding site on TPN, allowing it to function as a specific competitive inhibitor (81) . This would imply a certain structural relatedness between E3-19K and TPN at the level of their TMDs. Interestingly, the TM of E3-19K is characterized by a leucine-rich sequence stretch that does not comprise any charged basic and/or acidic residues suitable for salt bridge formation (82) . Because E3-19K attacks the TPN-docking site of TAP1 and TAP2 via its TM region (81) , complex formation may be based on hydrophobic protein interactions as well.
TAP variants lacking the N-domain of TAP2 (e.g., 1-2DN) (7) display altered PLC formation properties with reduced complex stability as well as quality control in MHC I loading (7, 83) . This makes it very difficult to determine the structural requirements of the N-domain of TAP1 for TPN interaction as it was performed for the N-domain of TAP2 in the present study. Nevertheless, the benzene sensitivity of the TPN interaction of TAPwt (in T1 and T2 cells) and variant 1-2DN (in T2 transfectants) as well as the presence of highly conserved leucine-rich hydrophobic sequence stretches within the first two N-terminal TMs of TAP1 (see Fig. 1 ) strongly suggest that also in this case complex formation is mainly based on hydrophobic interactions. In line with this, it was demonstrated by others (51) that mutations of a conserved leucine residue in the TMLZ of TPN profoundly affect the interaction with and stabilization of TAP1.
In conclusion, our study provides strong evidence that hydrophobic interactions drive TAP/TPN complex formation and it offers a new angle on N-domain function in TPN recruitment and PLC formation.
